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Forest vegetation is a very topical research subject as part of nature-based solutions for flood protection, soil erosion,
water quality improvement, etc. However, limited capabilities of such measures are rarely investigated. Therefore, in
this paper, study on the interplay of the hydrometeorological and seasonal forest vegetation role in regulating the
nitrate‑nitrogen (NO3-N) flushing from a forested, torrential catchment is presented. For the 43 identified rainfall
events it was found that there are no statistically significant seasonal differences in NO3-N concentrations; however,
during baseflow conditions such differences were noted. The rainfall events were described by 17 hydro-
meteorological and vegetation variables to investigate similarities between the events from the NO3-N export point
of view using clustering methods. Additionally, the relationship between explanatory and dependent variables, i.e.
NO3-N concentration and export variables, was modelled. In the models, the first four principal components were
used as explanatory variables after the reduction of the initial number of variables. It was found that phenological
phases as indicators of the forest vegetation seasonal activity are generally not able to considerably influence the
NO3-N concentration and flushing dynamics. The results indicate that during baseflow conditions, the influence of
the forest vegetation in the torrential catchment becomes predominant. During rainfall events, the role of vegetation
is blurred and might be generally considered as insignificant. The characteristics of rainfall events apparently exceed
the limits of a forest's ability to control NO3-N flushing. Given the pronounced impact of rainfall intensity on NO3-N
flushing, the challenge for the future will be to mitigate the potential negative effects of climate change related im-
pacts, especially through measures able to reduce the intensity of rainfall-runoff formation. The seasonal role of veg-
etation in diminishing the intensity of nutrient flushing in natural torrential catchments might be relatively
constrained and probably also overwhelmed by the hydrometeorological conditions.
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1. Introduction

It is well known that forest vegetation plays an important role in the hy-
drological cycle and water balance. For example, one part of the rainfall is
intercepted by the tree canopy and it is estimated that on the global scale
this accounts for up to 50 % of the annual rainfall amounts (Roth et al.,
2007). Due to the reduced rainfall that reaches the soil, runoff is reduced
(e.g., Mohammad and Adam, 2010; Zabret and Šraj, 2015). Moreover,
tree canopy rainfall interception decreases rainfall kinetic energy resulting
in lower rainfall erosivity and soil erosion rates (e.g., Li et al., 2019). Water
erosion and soil loss are also associated with the removal and flushing of
nutrients such as nitrogen (e.g., Yao et al., 2021), which are essential for
the growth of primary producers. There are also other tree-related pro-
cesses that influence the water balance. For instance, tree roots affect infil-
tration rates (Zhang et al., 2019), while transpiration accounts for 39 % of
global terrestrial precipitation (Schlesinger and Jasechko, 2014).

Seasonal changes in biotic activity and temporal variability of hydrolog-
ical conditions make it extremely difficult to determine the prevailing fac-
tors causing increased leaching of mobile forms of nutrients (such as
nitrate) from natural forested catchments. The increased flushing of nitrate
can be related to increased deposits in forest soils that accumulate over lon-
ger, rainless periods due to the seasonal increase in their availability
through increased mineralization and nitrification rates (Rusjan and
Vidmar, 2017). Due to the interconnectedness and interdependence of the
aforementioned processes, the understanding of the rainfall-runoff forma-
tion and dissolved substances transport pathways cannot rely only on hy-
drometeorological data and information about catchment characteristics,
but also on measurements of mobile nutrient chemical forms, such as ni-
trate, which can be of great importance (Exner-Kittridge et al., 2016).
These data enable also knowledge discovery (Aubert et al., 2016), inference
about the sources of individual substances (Bernal et al., 2006), and predic-
tion about a catchment's response from the nutrient retention and flushing
points of view (Rusjan and Vidmar, 2017).

Simultaneous monitoring of nitrate‑nitrogen (NO3-N) concentrations
and hydrological parameters (e.g., discharge) is relatively common in
areas where high NO3-N concentrations pose an environmental risk
(e.g., agricultural areas) (e.g., Moravcová et al., 2013; Parra Suárez et al.,
2019). However, there are fewer studies examining NO3-N concentrations
in relation to hydrological parameters in catchments with natural land
use (e.g., forest) (e.g., Koenig et al., 2017; Snyder et al., 2018). Yet, most
of the knowledge about these processes is still based on traditional data ac-
quisition approaches, i.e. discrete sampling followed by analysis in labora-
tory (Pellerin et al., 2016), meaning that many rapid time-changing
processes are still not sufficiently understood. Recently, plenty of studies
have addressed the influence of nature-based solutions such as reforesta-
tion or conservation of forests for flood protection (e.g., Markart et al.,
2021), soil erosion reduction (Teng et al., 2019), water quality improve-
ment (Keller and Fox, 2019), etc. However, the potential limitations of
such measures are rarely investigated. In this context, there is still a huge
lack of knowledge about interconnection between hydrological and biogeo-
chemical processes, triggered by rainfall characteristics, and rainfall-runoff
formation patterns (Ross et al., 2021).

In this paper, a closer look at rainfall event characteristics and changes
in NO3-N concentrations is provided. The main objective of the study is to
investigate the interplay between the hydrometeorological conditions and
the “natural” forest vegetation role in regulating the NO3-N flushing ob-
served through high-frequency streamwater NO3-N concentrationmeasure-
ments in a small, undisturbed torrential catchment. More specifically, the
manuscript aims to: (i) identify the most influential hydrometeorological
variables on the NO3-N flushing from the small, natural torrential catch-
ment, where additional (anthropogenic) sources of nitrate are not present,
(ii) investigate the differences in the NO3-N concentrations and export
amounts during particular rainfall events, and (iii) evaluate the seasonal
role of vegetation on the rainfall-runoff formation and NO3-N flushing pro-
cesses by taking into account hydrometeorological characteristics andNO3-
N concentration variables.
2

2. Methodology

2.1. Study area and data description

For the study area, a small (70 ha) Kuzlovec stream catchment, central
Slovenia, was selected, with steep slopes ranging between 820 and
410 m a.s.l. (Bezak et al., 2013; Sapač et al., 2020). According to land use
data, >90 % of the catchment area is covered by forest (MKGP, 2018).
This is followed by permanent meadows (7 %), while other land uses
make up <1 % of the area (Appendix Fig. A1). The forest is classified as
mixed. Among deciduous trees (65 %), beech dominates, and among coni-
fers (35 %), spruce. In view of climate characteristics, the study catchment
is located in a transitional area between sub-Mediterranean and temperate
continental climates. Highest rainfall sums can be expected in fall and win-
ter seasons. However, high-intensity, relatively short-duration rainfall
events can occur especially in summer (Bezak et al., 2017a). The air temper-
ature in a two-yearmonitoring period (April 2018–April 2020) ranged from
−8.6 to 30.2 °C with an average annual temperature of 10.2 °C in 2019.
The coldest month was January with an average monthly temperature
around 0 °C, while the highest temperatures are typical for summer months
(June, July, and August) (monthly averages around 20 °C).

For the evaluation of the role of forest vegetation seasonality in the for-
mation of rainfall-runoff processes and NO3-N flushing, 20-min streamflow
data, precipitation data from seven HOBO RG3-M tipping buckets
(e.g., amount, intensity, duration), and data on NO3-N concentrations at
the outflow of the catchment (e.g., maximum, average concentration)
were obtained (Appendix Fig. A1, left). A multiparameter sonde (Hydrolab
MS5) with an ion-selective sensor was used for measuring streamwater
NO3-N concentrations. According to the manufacturer, the measurement
range of the NO3-N sensor is 0–100mg/l with±5% accuracy and 0.01 res-
olution. In order to assure accurate water chemistry readings of the sonde,
maintenance and calibration procedures were carefully followed. More-
over, field water samples were collected biweekly and analysed in the lab-
oratory in order to control the multiparameter sonde readings. In addition,
data on three-day cumulative reference evapotranspiration prior the rain-
fall event from the nearest relevant weather station were obtained
(ARSO, 2020) and the number of previous days without precipitation
were calculated. Forest vegetation seasonality was determined according
to the leaf area index (LAI) periodic measurements using LAI-2200C Plant
Canopy Analyzer in combinationwith analyses ofMODIS Terra satellite im-
ages (Čotar et al., 2018; Ogris et al., 2018). More specifically, the annual
forest vegetation dynamics was determined based on the methodology pre-
sented by Zhang et al. (2003), who calculated transition dates of four phe-
nological phases, i.e. green-up, maturity, senescence, and dormancy.
Detailed data on hydrometeorological and concentration variables were
available for the period April 2018–April 2020, in which 43 rainfall events
were covered. A rainfall event was defined arbitrarily by considering the
minimum cumulative rainfall amount of 10 mm. During all identified
events, an increase in discharge from 0.2 to 68.8 l/s was observed. Even
the events in the growing season, with rainfall sums around 10mm, caused
a stream discharge increase from 0.2 to 11.2 l/s. The average discharge in
the observed period was 4.5 l/s, based on 20-min data. A similar criterion
was also used by other authors (e.g. Huebsch et al., 2014). Two events
were separated by at least a 6-h rainless period (Bezak et al., 2017b;
Sapač et al., 2020). The studied catchment is torrential with steep slopes re-
sulting in high streamflow velocities and turbulence and susceptible toflash
floods (Mikoš et al., 2002; Heiser et al., 2015). Therefore, the relevance of
the selected criteria could be confirmed also by data visualization (quick re-
turn of the discharges to the pre-event values). The fast hydrological re-
sponse of the studied catchment to rainfall events also highlights the need
to use high-frequency data in order to be able to observe both hydrological
conditions and related NO3-N concentration changes. Due to the relatively
limited sample size, the annual dynamics of forest vegetation was divided
into two seasons. On average, the growing season (period of green-up and
maturity) started on 27 March and ended on 12 September, while the
non-growing season (period of senescence and dormancy) was defined for
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the rest of the year. The seasons were compared in terms of the catchment's
response to rainfall events and NO3-N exports both in rainfall event and no-
event periods.

In the presented analyses, 17 variables were determined to characterise
and discretise the rainfall events, associated changes in stream discharge,
NO3-N concentrations, and forest vegetation seasonal characteristics
(Table 1). The values of the selected variables assured that the 43 identified
rainfall events covered very different hydrological (e.g. rainfall events char-
acteristics, stream discharge temporal changes) and seasonal vegetation
conditions. Moreover, the variables describing changes of NO3-N concen-
tration varied considerably between the events. For example, on average,
a rainfall event lasted 900 min, with a temporal span between 20 and
3040 min. The highest recorded rainfall sum/event was 95 mm, with the
mean andmedian values of 32.1 and 24.3mm, respectively. Rainfall kinetic
energy is an important factor controlling the soil erosion processes and
rainfall-runoff formation. The rainfall kinetic energy (E) was therefore cal-
culated using empirical equation suggested by Brown and Foster (1986)
where E varies with rainfall intensity. The highest E was calculated for a
20-min event on 2 August 2019 (15.4 MJ/(ha mm)). In this respect, espe-
cially for such extreme events, data with a short time step of measurement
are important. Due to the topography (steep terrain) and erodibility of the
geological base, the selected catchment is prone to soil erosion (e.g., Bezak
et al., 2017a).Moreover, according to the soil analysis in the catchment, the
top (soil depth up to 20 cm) and middle (soil depth up to 50 cm) soil layers
(most prone to rain-induced erosion) represent themain storage of the total
nitrogen and NO3-N. The topsoil layers have a pH value around 6.5; the pH
values increase to 7.7 in deeper soil layers. In view of the carbon-
to‑nitrogen ratio (C/N) as an indicator of forest soils susceptibility for
NO3-N leaching (e.g., Gundersen et al., 1998; Lovett et al., 2002), lower
C/N ratios (between 12 and 15) were calculated for the upper soil layers
(soil depths up to 50 cm) and higher ratio values (24.5) for deeper soil
layers. The maximum discharges (Qmax) during events ranged from 2.0
to 75.9 l/s (Fig. 1), while the mean concentration and mean export of
NO3-N ranges were 0.6–3.0 mg/l and 0.1–1.3 g/min, respectively.

2.2. Statistical analysis

To investigate and describe the characteristics of the 43 rainfall events,
commonly applied multivariate exploratory statistical methods, namely hi-
erarchical clustering (Ward's method on squared Euclidean distances) and
k-means, were used on 17 pre-defined variables (Table 1). Additionally,
11 variables describing characteristics of rainfall events and hydrological
conditions in the catchment (Pa, Pd, Imean, I60, E, ET3, Qmax, Qi, Qr,
N_days, LAI) were used in the principal component analysis (PCA) to obtain
the most important PCs, which were further included in the multiple linear
regression models for explaining the dynamics of NO3-N flushing described
Table 1
Variables considered in the data analysis with corresponding values of mean, standard de
in italic (the last six rows) were used as dependent variables in the principal componen

Variable [units] Abbrev.

Precipitation duration [min] Pd
Precipitation amount [mm] Pa
Mean precipitation intensity [mm/h] Imean
Max. 60-minute precipitation intensity [mm/h] I60
Kinetic energy of the rainfall event [MJ/(ha mm)] E
Initial discharge [l/s] Qi
Max. discharge [l/s] Qmax
Discharge range [l/s] Qr
Number of days without precipitation with >10 mm [days] N_days
Cumulative three-day evapotranspiration [mm] ET3
Leaf area index [m2/m2] LAI
Relative change of NO3-N concentration [mg/l] C_rc
Max. NO3-N concentration [mg/l] Cmax
Mean NO3-N concentration [mg/l] Cmean
Range of NO3-N concentration [mg/l] Cr
Mean export of NO3-N per minute [g] Exp_mean
Maximum export of NO3-N per minute [g] Exp_max
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by the variables, C_rc, Cmax, Cmean, Cr, Exp_mean, and Exp_max (Table 1).
The first four variables (C_rc, Cmax, Cmean, Cr) represent the changes in
concentrations during rainfall events, whereas the last two (Exp_mean,
Exp_max) represent the variables of the amount of flushed NO3-N masses
(concentration multiplied by discharge).

The PCA was used to reduce the number of explanatory variables. In
contrast to clustering, PC's are extracted to identify the patterns determined
by the amount of variance in the dataset and not to maximize the differ-
ences between groups of rainfall events. However, in case of a high number
of variables, the results of bothmethodsmay lead to similar conclusions be-
cause the first principal components are usually determined by the same
variables that divide a dataset into clusters.

After PCA, the multiple linear regression (MLR) was applied to model
the relationship between explanatory variables and dependent variables
(i.e. NO3-N concentration and export variables). As explanatory variables,
only the first PCs with eigenvalue >1 (Kaiser rule) were used, thereby re-
ducing the number of explanatory variables, but still taking into account
all meteorological, hydrological, and vegetation rainfall event characteris-
tics. The estimation of MLRmodel parameters is followed by regression di-
agnostics (Kassambara, 2018) in order to evaluate the model assumptions
and to explore whether the datasets, based on which the parameters of
the model are estimated, do not include individual data that could signifi-
cantly influence the value of the independent variable (i.e. influential
points). All statistical analyses weremade in R Studio (R Core Team, 2018).

3. Results and discussion

Since one of the goals of this research was to evaluate the role of the for-
est vegetation on the NO3-N flushing, preliminary analysis was made by
separating NO3-N concentration data firstly into rainfall event periods
and a reference period (the remaining time). Secondly, the data were fur-
ther divided according to the phenological phases, i.e. growing and non-
growing seasons (Fig. 2). It can be noticed that in the no-event period, the
mean value as well as the interquartile range are lower in the growing sea-
son (spring, summer months) (Fig. 2, left). The average NO3-N concentra-
tion in the growing period was 0.76 (±0.19) mg/l, while in the non-
growing period it was 1.06 (±0.56). 50 % of the concentration measure-
ments (interquartile range) in the growing and non-growing periods had
values 0.66–0.87 mg/l and 0.86–1.18 mg/l, respectively. Similarly, for
the exported masses of NO3-N (in grams), the average export was 0.11
(±0.05) g/min and 0.14 (±0.07) g/min during growing and non-
growing seasons, respectively. During the rainfall events (Fig. 2, right),
small differences in mean NO3-N concentrations during growing (1.14 ±
0.46mg/l) and non-growing (1.13±0.58mg/l) periods could be observed
with a slightly higher standard deviation and coefficient of variation in the
reference period. However, the average exported NO3-N mass was 0.23 ±
viation, maximum,minimum, andmedian for 43 analysed rainfall events. Variables
t regression analysis.

Mean ± std. dev. Max. Min. Median

964.2 ± 704.6 3040.0 20.0 760.0
32.1 ± 21.4 95.0 10.0 24.3
3.7 ± 5.8 34.2 0.6 2.0
15.9 ± 14.4 85.5 2.7 10.2
4.3 ± 3.2 15.4 1.2 3.2
3.8 ± 1.8 8.3 0.8 3.6
11.8 ± 13.6 75.9 2.0 8.1
8.0 ± 13.0 68.8 0.2 4.1
8 ± 10.3 53.2 0.3 4.1
7.2 ± 5.2 16.8 1.0 6.4
2.4 ± 2.0 4.8 0.0 1.1
20.8 ± 17.2 62.9 −14.4 22.3
1.4 ± 0.7 3.5 0.8 1.2
1.2 ± 0.5 3.0 0.6 1.1
0.6 ± 0.5 2.3 0.0 0.4
0.4 ± 0.3 1.3 0.1 0.3
0.9 ± 0.9 4.1 0.1 0.6



Fig. 1. Precipitation (above), discharge (blue line) and NO3-N concentration in period April 2018–April 2020. Rainfall events are marked with green points. Discharge and
NO3-N concentration are plotted based on 20-min measurements. Precipitation is plotted based on the daily sums. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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0.28 g/min and 0.43 ± 0.47 g/min in the growing and non-growing pe-
riods, respectively. According to the average export rates during rainfall
events and baseflow period, it is expected that, on average, 1.2 kg/ha/
year NO3-N is flushed from the catchment. The total duration of the rainfall
events in the period of observations represents about one-tenth of a year;
Fig. 2. Comparison of 20-min NO3-N concentrations distribution in growing and non-g
events (right). The triangles in the boxplot show the mean values.

4

however, in this short period 30 % of the annual exported amount is
flushed. Based on this initial analysis, it was further investigated if
and how the nitrate flushing dynamics during different phenological
phases is conditioned by the hydrometeorological characteristics of
rainfall events.
rowing seasons during the reference period (left) and during the periods of rainfall



K. Lebar et al. Science of the Total Environment 874 (2023) 162475
3.1. Characteristics of rainfall events

The aim of the hierarchical clustering was to investigate the similarity
between the rainfall events. The rainfall events were described with 17 var-
iables (Table 1). Results of the hierarchical clustering are presented with
the informative heatmap (Appendix Fig. A2) that suggests that there are
four optimal clusters intowhich the events aremerged. The same set of var-
iableswas further used in k-means clustering using the suggested number of
clusters (k = 4). Results of k-means confirmed the suggested number of
clusters as optimal. All the individual rainfall events were merged into the
same clusters as with hierarchical clustering, except for one event.

For the two events, i.e. from 1 February 2019 and the earlier one from 2
August 2019, grouped in cluster 1, high mean and maximum amounts of
flushed NO3-N (Exp_mean, Exp_max) as well as high peak discharges (Qmax)
are characteristic (Fig. 3).Fig. 3 The events in cluster 2 have in common
high concentrations of NO3-N (mean, maximum, and absolute change), al-
though the events occurred in different seasons and, consequently, in differ-
ent phenological conditions. The main difference between clusters 3 and 4
is especially noticeable for variables ET3 and LAI. These two variables have
a distinct seasonal variability, so it is not surprising that all events in cluster
3 occurred during the growing season and most events from cluster 4 in the
non-growing season. In cluster 4, four out of 20 events occurred in the grow-
ing season according to the defined periods of phenological phases. A closer
look at these events shows that three of them occurred at the transition
from one phenological phase to another in spring (10 April 2019, 14 April
2020, and 30 March 2020) and one in the middle of the growing season
(25 August 2018). The latter event was characterized by a large amount of
rainfall and long duration,which are characteristics of autumn-winter rainfall
events (Kobold and Sušelj, 2004). Regardless of the clear differences of sea-
sonal variables between clusters 3 and 4, such an obvious contrast is not no-
ticeable for the variables used to describe the temporal dynamics of NO3-N
concentration and exported amounts. These results suggest that the period
of the year in which the event occurred (seasonality) is not a direct indicator
of NO3-N concentration variability or exported amounts during a particular
rainfall event (Fig. 3, bottom row).
Fig. 3.Distribution of the selected variable values included in the cluster analysis perform
of hydrological and vegetation variable values in the individual clusters. The bottom
individual clusters.
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3.2. Reduction of the explanatory variables

In PCA of all explanatory variables, 83.5 % of variability was explained
with the first four PCs having an eigenvalue greater than one. According to
the loadings of the original variables (Fig. 4), to the first principal compo-
nent (PC1), kinetic energy of rainfall (E), absolute change of the discharge
(Qr) and peak discharge (Qmax), amount of precipitation (Pa), and maxi-
mum 60-minute rainfall intensity (I60) contribute the most. PC1 can be
therefore considered as a measure of event intensity (Fig. 4). The second
principal component PC2 is a measure for seasonality since the highest
loadings correspond to ET3 and LAI, both positively correlated to PC2.
PC2 is positively correlated also with Imean and negatively with Pd. PC3
and PC4 can be described as principal components indicating the influence
of antecedent conditions due to high correlation with the initial (pre-event)
discharge (Qi) and the number of rainless days before the event (N_days), re-
spectively. Higher positive or negative loadings mean a higher positive or
negative correlation between the variable and the PC, respectively.

Additional information on the role of the forest vegetation during rain-
fall events on rainfall-runoff formation and consequent NO3-N flushing
could be provided by combining the results of k-means clustering and
PCA (Fig. 4). Results in the PC1-PC2 and PC3-PC4 planes are shown
(Fig. 4). Based on the centroids of the individual cluster in the PC1-PC2
plane, one can see that events with a larger change of discharge (Qr) and
maximum discharge (Qmax) are characteristic for cluster 1 (yellow dots)
(Fig. 4, left). All the events merged into cluster 3 are on the upper half of
the vertical axis (PC2), whereas events from cluster 4 are in the bottom
half of PC2. As PC2 is the most correlated with the previous three-day
evapotranspiration (ET3) and leaf area index (LAI), it can be concluded
that events of cluster 3 occurred in the period with higher LAI and ET3,
i.e., late spring and summer months. The opposite is suggested for the
events of cluster 4. Eventswith highermean rainfall intensity are character-
istic for cluster 3. PC2 is determined also by the rainfall duration (Pd). In
this context, for cluster 3, rainfall events with longer rainfall duration are
characteristic compared to events grouped in cluster 4. The most non-
homogenous cluster in the PC1-PC2 plane is cluster 2; this cluster merges
ed by k-means clustering into four groups. The first two rows show the distribution
row shows the distribution of dependent (NO3-N-related) variable values in the



Fig. 4. Biplot of the principal component analysis of 11 hydro-meteorological variables in the PC1-PC2 space (left) and the PC3-PC4 space (right). Rainfall events (PC scores)
are coloured according to the k-means clusters (groups). Centroids of each cluster (group) are shown by a larger symbol of the corresponding colour. The length of the
individual variable vector (loading) reflects the contribution to the individual PC. The events on the same side as the individual variable vector have higher values of this
variable than the events on the opposite side.

Table 2
Results of themultiple linear regressionmodel based on the first four principal com-
ponents for Exp_mean, Exp_max, and Cr. The rowswith suffix »B« in the first column
show the results without identified influential points.

Model PC1 PC2 PC3 PC4 R2

Exp_mean *** ** 0.57
Exp_mean_B *** ** 0.57
Exp_max *** * 0.69
Exp_max_B *** 0.76
Cr ** + * 0.33
Cr_B *** + ** *** 0.51
Level of statistical significance: ***0.001; **0.01; *0.05; +0.1
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events with higher concentrations and amounts of exported NO3-N. Based
on thesefindings and results of the clusteringmethods, it may be concluded
that the occurrence of events with high concentrations of NO3-N cannot be
unambiguously explained solely by 11 considered hydrometeorological
and vegetation variables. In other words, increased NO3-N concentrations
can occur under contrasting hydrometeorological and seasonal (phenolog-
ical phase) conditions. The results somewhat contradict the recent findings
byWinter et al. (2022b), who primarily focused on the C-Q hysteresis loop
as an indicator of NO3-N flushing. For the Kuzlovec stream torrential catch-
ment, even the statistical test of differences between the indicators of hys-
teresis loops did not show statistically significant differences between
seasons (Sapač et al., 2021). Additionally, one of the indicators, namely
the ratio of coefficient of variation of NO3-N concentration and discharge,
was shown to be most likely related to seasonal variability in the character-
istics of rainfall events rather than to changes in the phenological phases of
the forest vegetation in the catchment. Similar conclusions as those from
PC1-PC2 can be drawn from the PC3-PC4 plane (Fig. 4, right).

3.3. Modelling the relation between NO3-N and explanatory variables

The first four principal components (PC1, PC2, PC3, PC4) were used as
explanatory variables in multiple linear regression (MLR) models for de-
pendent variables: Cmean, Cmax, Cr, C_rc, Exp_mean, and Exp_max. Based
on the MLR models, only the relationships between PCs and the three de-
pendent variables, i.e. Cr, Exp_mean, and Exp_max, are statistically signifi-
cant (Table 2). Results of the MLRs indicate that with the first four PCs
33 %, 57 %, and 69 % of the Cr, Exp_mean, and Exp_max variance is ex-
plained, respectively. This is most likely due to the wide range of rainfall
event characteristics (from small to large amounts of rainfall, short and
long durations, various rainfall intensities, etc.) described by 11 variables
in a statistically relatively limited sample. Consequently, the prediction of
complex dependent variables such as NO3-N concentrations based on the
rainfall characteristics appears to be unreliable. On the other hand, the rel-
atively successful prediction of export variables could be associated to the
strong correlation between discharge and exported amounts. In the models
for the mean and maximum exported amount of NO3-N (Exp_mean,
Exp_max), PC1 and PC3 variables are statistically significant (Table 2).
These PCs are related with the rainfall event intensity (Qmax, Qr, Pa, I60,
E) and initial hydrological conditions (Qi) the most. According to the linear
6

regressionmodel diagnostic based on residuals plots, the event from 25 Au-
gust 2018 proved to be an influential point in all three regression models
(Cr, Exp_mean, Exp_max), while in the model for Exp_max the event from 2
August 2019 was also identified as an influential point. The influential
events could be characterized by a high kinetic energy, rainfall intensity,
and the amount of rainfall. However, Exp_max in these eventswas consider-
ably lower than in comparable events. Results of the MLR models without
identified influential points are shown in Table 2 in rows with suffix “B”.
The proportion of variance explained by the models without influential
points did not change in case of model for Exp_mean (57 %), while in case
of Cr and Exp_max it increased to 51 % and 76 %, respectively.

After excluding the influential points (rainfall events), statistical signif-
icance of PC1 and PC3 remains the same in the model for Exp_mean, while
in themodel for Exp_max, PC3 is no longer statistically significant (Table 2).
The removal of influential points results in all four PCs as statistically signif-
icant for the explanation of the absolute change of NO3-N concentration
(Cr) during a rainfall event (Table 2). However, the coefficient of determi-
nation of the Cr model is considerably lower than for Exp_mean and
Exp_maxmodels, whichmay be a consequence of the complexity of the pro-
cesses reflected in NO3-N concentration related variables. In the Cr model,
the highest change of the estimated parameter is found for the PC3 variable,
which is characterizedwith initial conditions, namelywith initial discharge
(Qi), and for PC4, which is related with the number of previous rainless
days (N_days). In other words, the lower the Qi and the longer the rainless
period, the higher the expected change of NO3-N concentration, consider-
ing other PCs in the MLR. From the process point of view, this might be
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related to accumulation of NO3-N in forest soils due to the absence of
rainfall-runoff formation mechanisms that are able to mobilize NO3-N to-
wards the streams. In this context, in the recent study by Winter et al.
(2022a) who investigated NO3-N export during droughts in 2018 and
2019, it was shown that rewetting after dry period results in higher in-
stream NO3-N peaks. They attributed higher NO3-N export amounts to re-
duced denitrification due to lower soil water content in prolonged rainless
periods, which leads to accumulation of inorganic nitrogen forms in catch-
ment soils flushed away during rainfall events, and to decreased plant up-
take. The influence of hydrological antecedent conditions was
investigated also by Blaen et al. (2017), who clearly demonstrated the
role of hydrological antecedent conditions in the nitrate concentrations.

Plots in Fig. 5 show the predicted values for Exp_max, Exp_mean, and Cr in
dependence on each PC at the average value of other three PCs. For each of
these variables, the relation with principal components (PC1–PC4) is shown
with the regression line and the corresponding 95 % confidence interval for
the average prediction. For all three variables one can note that PC1 has
the highest influence on their values. The relation is positive confirming
that more intense rainfall events cause a larger change of NO3-N concentra-
tion (Cr) and larger amounts of exported NO3-N (Exp_mean, Exp_max).
Other PCs have less impact on the response variables. This is especially pro-
nounced for the Exp_max variable (Fig. 5, top row) where regression lines
are almost parallel to the horizontal axis. Among other three PCs, PC3,
which is determined with the initial discharge at the beginning of the event
(Qi), identifies the second greatest impact on the Exp_mean variable with a
positive relation. However, a negative relation with PC3 is identified with
Fig. 5. Predicted values of Exp_max, Exp_mean, and Cr (blue solid line) with 95 % con
explanatory variables in the model. (For interpretation of the references to colour in thi
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the Cr variable (Fig. 5, bottom row), suggesting that the lower Qi results in
a higher concentration change during the rainfall event. For highly torrential
small catchments, this suggests that prolonged rainless periods, when due to
the absence of rainfall-runoff processesNO3-Nmay accumulate in soils,might
be one of the main conditions necessary for an increased change of NO3-N
concentration during a rainfall event. The role of the antecedent rainless pe-
riods could be further supported by the relatively limited capacity of the for-
est soils in the studied catchment (according to the analysed soil C/N ratios)
to diminish the NO3-N export. Seasonality is expressed with PC2 that, inter-
estingly, did not prove to be influential on Exp_mean and Exp_max (Fig. 5).
However, its influence is noticeable in case of Cr (Fig. 5). In the seasonal con-
text, prediction models suggest that one can expect higher NO3-N concentra-
tion changes during events with a shorter duration and larger three-day
evapotranspiration and leaf area index. Such events are typical for the sum-
mermonths (growing phase)whenmineralization and consequent accumula-
tion of NO3-N in soils is also intensified (Winter et al., 2022a). During a
rainfall event, the accumulated soil NO3-N could be available to bemobilized
towards the stream network. Additionally, a greater absolute change in
streamwater NO3-N concentration after prolonged dry periods can be also at-
tributed to lowerNO3-N concentration during rainless conditions in the grow-
ing season before the rainfall event (Fig. 2) resulting fromhigher plant uptake
(Winter et al., 2022a) and/or disconnection of shallow flow paths and there-
fore nitrate transport towards the stream, similarly as suggested by Yang et al.
(2018).

The role of the forest and, more specifically, its phenological phases in
the NO3-N export dynamics on rainfall event basis was proven to be
fidence intervals (light blue area) for mean model prediction considering all other
s figure legend, the reader is referred to the web version of this article.)
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important in some previous studies. Rusjan andMikoš (2008) explained the
seasonal difference in the dynamics of NO3-N concentrations based on pre-
event air temperatures and soil moisture conditions that influence the pro-
cesses of forest soil mineralization and nitrification. Similar was reported
by Arheimer et al. (1996). In view of the seasonal influences on the soil N
storage, higher mineralization and nitrification rates are expected during
the growing period when temperatures are high, while the highest avail-
ability of NO3-N for flushing could be expected in autumn and winter
when the forest vegetation N uptake is considerably reduced, as discussed
by, e.g., Casson et al. (2014) in similar climate conditions. However, in
the studied catchment, the dynamic change in the soil NO3-N storage be-
tween the growing and non-growing periods might be constrained due to
the flushing character of the studied torrential catchment, which appears
to limit the ability of forest soils to accumulate NO3-N to a greater extent.
More specifically, data of this study show that small rainfall events (rainfall
sums of 10–15 mm) cause an increase in discharge and are able to trigger
NO3-N flushing regardless of the seasonal conditions.

The clustering of rainfall events indicated the influence of seasonality
(ET3, LAI) for most of the events (34 out of 43). However, interestingly,
events with the highest recorded NO3-N concentrations and NO3-N export
weremerged in the other two clusters where seasonalitywas not influential
(i.e., events occurred in different parts of the year). This was also confirmed
withMLRmodels using PCs as explanatory variables, where hydrometeoro-
logical characteristics of a rainfall event combined into PC1 (amount and
intensity of precipitation, discharge) proved to be statistically significant
for explaining Exp_mean and Exp_max. The influence of seasonal conditions
(PC2) was observed only in case of absolute change of NO3-N concentra-
tion. On the other hand, the comparison of statistical values (e.g., mean,
median, interquartile range) of NO3-N concentrations and exported
amounts between rainfall events and in the reference period (baseflow con-
ditions) showed a seasonality effect during baseflow, while there are no
considerable differences between phenological phases during rainfall
events. Similar seasonal differences during baseflow conditions were re-
ported also by Sebestyen et al. (2014) based on weekly sampling. Feinson
et al. (2016) applied C-Q hysteresis loops for identifying the seasonality ef-
fect during rainfall events at different locations. They found that for size
and direction of the hysteresis loop, seasonality is a statistically significant
variable in the linear model only in the interaction with the location vari-
able. In some studies, snow and snow cover were identified as important
factors influencing the amount of exported nitrogen (e.g., Brooks et al.,
1999). Therefore, for the catchments with longer presence of winter snow
cover, during the spring snowmelt the highest amounts of nitrogen are
exported from accumulated nitrogen sources in the snow as well as from
microbial produced nitrogen in the soil (Judd et al., 2007). In our dataset,
there was no snow cover and the rainfall events were occurring relatively
regularly. Hence, it can be presumed that the NO3-N was not able to accu-
mulate to a greater extent in the forest soils in the colder part of the year
and be available for export during the following rainfall events, as it
would have been expected after a prolonged presence of snow cover. Ac-
cording to Slovenian Environment Agency (ARSO, 2017), in the period
1961–2011 the total snow cover in Slovenia decreased by 55 %, while
the height of the freshly fallen snow decreased by 40 %. Moreover, it is ex-
pected that due to the impact of climate change, the largest increase in air
temperature will be in the wintertime. This might indicate that in the future
even less snow cover is expected, which will also lead to an overall lower
retention capability of nutrients in the soils during the winter. No change
in the total annual amount of precipitation is expected in the future, but
changes in seasonal variability can be expected, especially with larger rain-
fall sums in winter. This could mean that the NO3-N from torrential catch-
ments with a natural (forest) cover, such as the one investigated in this
study, would be regularly flushed away, while the amount of accumulated
NO3-N in the soil could be even lower. Consequently, the forest vegetation
NO3-N retention capacity could be further reduced by the changing hydro-
meteorological conditions.

The seasonal role of forest vegetation in NO3-N concentrations was
identified just in reference, prolonged periods of baseflow conditions
8

where significant differences in NO3-N concentrations were observed.
During rainfall events, seasonal differences in NO3-N concentrations
that could be associated to the activity of the forest vegetation were
not identified. Generally, the results of multivariate analyses presented
in this study suggest that the hydrometeorological conditions, expressed
by the characteristics of rainfall events (especially rainfall intensity and
rainfall amount), prevail over the expected seasonal impact of the forest
on streamwater NO3-N concentrations and consequent flushing. This in-
dicates the limited ability of the forest vegetation to regulate NO3-N
flushing amounts in small catchments with prevailing torrential charac-
teristics. In this respect, our results could be helpful in providing impor-
tant information for planning possible measures to mitigate the negative
effects of climate change impacts on nutrient exports to water bodies as
well as a reference state for assessing and comparing nutrient flushing
processes from areas with elevated nutrient inputs (e.g., agricultural
areas).

Natural (forest) vegetation is usually considered to be one of the cru-
cial elements of nature-based solutions able to mitigate the potentially
negative effects of altered hydrometeorological conditions on increased
nutrient flushing. In view of the climate change projections by the end
of the 21st century, further research on the role of hydrometeorological
conditions on the NO3-N exports should be done to increase the knowl-
edge of the multi-function role and potential limitations of nature-based
solutions.

4. Conclusions

Research on the interplay of hydrometeorological and seasonal condi-
tions affecting NO3-N flushing from a small, forested catchment has high-
lighted the complexity of the processes, showing that the role of
individual variables cannot be unambiguously identified without consider-
ing the others. Still, some important messages can be drawn:

• Seasonal forest vegetation role is not able to considerably influence the
NO3-N concentration dynamics and flushing during rainfall events due
to the dominant role of the flushing processes.

• During rainless period, the seasonal influence of the forest vegetation in
the catchment becomes prevailing, which is reflected in significant sea-
sonal differences in stream NO3-N concentrations.

• Given the pronounced impact of the rainfall intensity on the NO3-N flush-
ing, the challenge for the future will be how to mitigate the potential neg-
ative effects of the climate change related impacts, especially through
measures able to reduce the intensity of rainfall-runoff formation pro-
cesses (e.g. by an improved understanding of the forest vegetation role
and limitations when implementing different nature-based solutions).

• High-frequency measurements of hydrometeorological conditions and
nutrient concentrations, similar as the ones presented in this study, are
crucial to improve understanding of the interplay between the hydrome-
teorological conditions and seasonal vegetation role, related also to the
impact of different land uses in regulating the nutrient exports to water
bodies.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.162475.
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